We have proposed and experimentally demonstrated a novel compound structure based on selectively infiltrating of a local tapered photonic crystal fiber (TPCF). Theoretical and experimental investigations indicate that tapering photonic crystal fiber (PCF) can change the material refractive index (RI) of silica core, and the RI change can be revealed and proved to influence the effective RI curve of the PCF core mode, which results in the shifting of the phase matching point. Moreover, strong coupling can occur in the infiltrated TPCF due to the increased overlap integral of the involved coupled modes. As application, the proposed configuration based on TPCF has huge potential use in microfluidic, RI, and dual-parameter sensing with high sensitivity, such as ultrahigh strain sensitivity of -139.78 nm/N (-167.74 pm/μϵ).
Introduction
Recently, multiple post-processing methods have been employed to modify the fiber geometry to tailor the optical properties of photonic crystal fibers (PCFs). For instance, fiber grating assisted by CO 2 laser [1] , [2] , changing the core shape with selective collapse [3] , and fiber tapering [4] . Based on the strong evanescent field near the tapered region, the PCF taper-based optical devices have attracted tremendous research interests for their compactness, immunity to electromagnetism and wide range of applications, including monitoring magnetic field [5] , RI [6] , curvature [7] , and so on. In addition to the application in the field of sensor, Tapering of PCFs with high air-fill fractions has proven an effective way to generate high-power deep-blue supercontinuum sources [8] , the Stimulated Brillouin Scattering (SBS) can be controlled or inhibited by tapering PCF [9] as well.
Obviously, tapering of PCF would minify the diameters of the fiber core and the cladding air holes, but more importantly, the local heating of the PCF with the heating temperature of tapering higher than the drawing temperature can cause glass structure change in the core [10] , [11] , which results in the great modulation of the material RI of the PCF. The change in RI of PCF is critical to the applications associated with mode resonance, such as mode-selective fiber couplers (MSCs) and PCF gratings. However, few people have focused on the research of the RI change in the PCF induced by tapering, and it is indeed difficult to find out the variations only by the transmission spectra of the TPCF. The newly-presented waveguide properties of the TPCF can be indirectly detected by infiltrating the reduced holey cladding. Actually, material infiltrating [12] is also considered a significant way to locally change the RI of the PCFs, which can be utilized to act as micro-fluidic channels to fabricate optical components such as liquid-filled hollow-core PCF polarizer [13] , ultrasensitive PCF RI sensor [14] , temperature sensor [15] - [17] , and directional bend sensor [18] .
In this letter, we have proposed and demonstrated a novel configuration based on selectively infiltrating one air hole of the local TPCF to investigate the material RI change of the silica core and the coupling characteristics after tapering. During the tapering, a pure-silica PCF is heated locally at a temperature higher than its fictive temperature and cooled down rapidly to the room temperature, which will lead to the decrease of the material RI. Consequently, the resonance dip derived from mode coupling in the selectively infiltrated TPCF (SI-TPCF) would present a greater blue-shift, compared with that in the selectively infiltrated un-tapered PCF (SI-UTPCF). The decrease of RI could be revealed by the shift of the resonance wavelength indirectly. Moreover, theoretical analysis and experimental results show that stronger coupling can occur in the TPCF, and which can be utilized to be ultra-high sensitive strain sensor with the temperature-strain cross sensitivity issue resolved.
Experimental Details
The schematic diagram of the proposed configuration is shown in Fig. 1 , where a section of PCF (including tapered and un-tapered regions) was selectively infiltrated with index-matching liquid. Using a hydrogen flame torch, the employed PCF (produced by Yangtze Optical Fiber and Cable Company Ltd. of China with a hole diameter of 3.5 μm and a hole-to-hole spacing of 5.8 μm) was firstly tapered with none air-holes collapsed by controlling the velocity and the displacement of the electric translation stages. The waist diameter of the TPCF was tapered to 45 μm with the whole PCF length of 2.1 cm, the waist length of the TPCF was 5 mm, and the length of the transition region was 1.7 mm, as shown in Fig. 1 , the inset (a) is the side-view of the waist. Then, the PCF was selectively infiltrated with liquid with thermal coefficient of −3.9 × 10 −4 RIU/°C (Cargille Labs, n = 1.47, at 25°C) by the direct manual gluing methods described in detail in reference [19] , the cross section of the infiltrated un-tapered PCF (UTPCF) is shown in inset (b) of Fig. 1 as well.
After infiltration, both ends of the PCF were cleaved and fusion spliced with single-mode fibers (SMFs). Light from the input SMF is coupled into the PCF, exciting both the core mode and rod modes, including core LP 01 mode, rod LP 01 mode and rod LP 11 mode. Since we primarily focus on the RI change in TPCF, by controlling the temperature mode coupling can only occur between the core LP 01 mode and rod LP 01 mode in selected optical band (from 1000 to 1700 nm) to simplify research model. According to the coupled-mode theory [20] , only when the material RIs of the silica core and liquid rod are equal, resonance dip can appear with high sensitivity which is determined by the close slopes of two material RI dispersion curves [16] . Therefore, the location of the resonance dip will change with the material RI of the silica core when that of the liquid rod is invariable.
In experiment, a super-continuum light source with spectral range of 600-1700 nm and an optical spectrum analyzer were employed. In addition, a high-precision electronic oven was used to stabilize the environment temperature of the device in the accuracy of 0.1°C. To investigate the coupling characteristics in TPCF more systematically, a 2 cm long TPCF with waist length of 5 mm was firstly sandwiched between two SMFs and the transmission spectrum is shown as the red curve in Fig. 2 , some interference fringes are observable, which is caused by the splicing joints, but the induced RI change cannot be observed by the stable interference spectrum of TPCF. For comparison, another section of PCF without tapering was then selectively infiltrated and the corresponding transmission spectrum at 67.0°C is shown as the magenta curve in Fig. 2 , in which a sole resonance dip is located at 1500 nm, which can be easily explained by coupled-mode theory for directional coupler [14] . Finally, the transmission spectrum of the SI-PCF (including tapered and un-tapered regions) at 67.0°C is shown as the blue curve in Fig. 2 , two strong resonance areas appear in the transmission spectrum with several resonance dips. Obviously, the dip B located around 1500 nm is derived from the un-tapered regions (i.e., SI-UTPCF). However, the other dips are owed to the SI-TPCF, when the PCF is tapered down, the distance between the core and the liquid rod would be further shortened, which results in the increase of the overlap integral between the two coupled modes, so stronger coupling can occur in SI-TPCF, as shown in Fig. 2 . But the deepest dip (i.e., strongest coupling point) named dip A is located around 1200 nm, which is far away from the dip B. Since the material RI of the liquid rod will remain unchanged at the same temperature of 67.0°C, the variation of the locations of dip A and dip B may due to the material RI change of the silica core in TPCF. Similar to the appearance of the RI change in PCF and boron-doped SMF caused by CO 2 -laser radiation or electric discharge [10] , [11] , in the tapering process the PCF glass is heated over the fictive temperature and the glass structure would also be rearranged. Once the TPCF is cooled rapidly to room temperature in the air, the glass volume is expanded and the density becomes lower, which will cause the decrease of the RI in TPCF eventually [10] .
During the tapering, the diameters of the core and the air holes would minify with fairly similar proportion, and the relative positions of the core and the air holes would remain the same to maintain the hexagonally distributed air-holes in the cladding, as a result, the ignorable difference between the tapered diameters of the core and the air holes will not cause any shift of the resonance wavelength based on the theoretical calculation. In addition, as the manufacturing process of PCF leaves almost no stress for the pure-silica construction, the glass structure change induced by tapering can be the only reason to reduce the RI of TPCF, and hence cause the shift of the resonance wavelength. Based on the locations of the two strong coupling dips (i.e., dip A and dip B in Fig. 2 ), the reduction of the RI of the PCF glass induced by tapering can be calculated to be 0.0026.
Theoretical Simulation and Discussion
To investigate the influence of RI change induced by tapering on dispersion curve of effective RI in TPCF, numerical simulations based on the finite element method (FEM) were performed. Fig. 3 shows the dispersion curves of the involved coupled modes in the SI-TPCF with considering the effect of the induced RI change in TPCF. As shown in Fig. 3 , the effective RIs decline obviously after tapering, but the phase matching point exhibits blue-shift compared with the situation without considering the decrease of RI of the TPCF shown in the inset of the Fig. 3 . Accordingly, the resonance wavelength moves significantly to short-wave band. The shift of the resonance wavelength can reflect the effect of the RI change on the transmission property of the PCF to some extent.
In order to further investigate the mode coupling in the SI-TPCF, the silica core and the liquid rod are assumed to be asymmetric waveguides, and the coupled-mode equations for the two modes in the SI-TPCF can be expressed as:
Where the coefficient A (z) represents the proportion of the energy of the core LP 01 mode, and the coefficient B (z) represents the proportion of the energy of the rod LP 01 mode.κ aa and κ bb are the self-coupling coefficients, while κ ab and κ ba are the coupling mode coefficients.β a and β b are the propagation constants of the coupled modes. In general, the self-coupling item can be disregarded. For convenience, κ = κ ab ≈ κ * ba , and the coupling coefficient between the two involved modes can be expressed as: Where w is angular frequency of light, ε(x, y, z) is the perturbation to the permittivity, and E a (x, y) and E b (x, y) are normalized electric fields. Then, we can obtain coefficients from (1)- (3):
In (4), is the phase mismatching coefficient, 2
2 , here n rod and n cor e are respectively the effective refractive indices of the rod LP 01 mode and core LP 01 mode. As a consequence, the normalized energy density of the core LP 01 mode can be expressed as:
After tapering, the overlap integral of E * a εE b dxdy would increase, and a stronger coupling can occur in SI-TPCF in comparison to SI-UTPCF. However, the normalized energy density of the core LP 01 mode in SI-TPCF will vary along with wavelength due to different coupling coefficient and phase mismatching coefficient. Based on the coupled-mode theory, the transmission spectrum of the SI-TPCF is simulated by (6) in consideration of RI change, as shown in Fig. 4 . Several resonance dips appear in the transmission spectrum, which indicates the stronger coupling in SI-TPCF with shorter coupling lengths. Moreover, dips at different wavelength present variant depths (i.e., coupling strength), the average fringe spacing is about 100 nm and the deepest dip (i.e., strongest coupling point) named dip A is located around 1240 nm, which is basically coincide with the experimental results.
Sensing Characteristics
As an application, the strain-dependent spectral response has been characterized for the SI-PCF. When strain increases, both dip A and dip B experience blue-shift. However, dip A presents a rather high strain sensitivity of −139.78 nm/N (−167.74 pm/μϵ), which is four times higher than that of dip B. Fig. 5 illustrates the strain-sensing performance of dip A and dip B, their spectral evolutions under different strain are also given as in the insets. The extraordinary sensitivity of dip A to strain may be attributed to two factors: the slope in Fig. 3 changes based on the dispersion-shifting of core mode caused by tapering and the TPCF is intrinsically more sensitive than the un-tapered one. Though the SI-PCF showed useful application in the measurement of strain with ultrahigh sensitivity, one of the most significant points that must be addressed in practical applications is the temperature-strain cross sensitivity issue. The response of the transmission spectra of the SI-PCF to temperature is shown in Fig. 6 . All the dips undergo comparable red-shifts as temperature increases, and the temperature sensitivities of dip A and dip B are about 23.49 nm/°C (59,923 nm/RIU) and 36.58 nm/°C (93,316 nm/RIU), respectively. Therefore, when the SI-TPCF is employed to monitor the variation of strain, the influence of temperature change to measured results can be eliminated by using a matrix equation similar to that used in reference [21] . Accordingly, we have successfully resolved the temperature-force cross sensitivity issues present in the work reported in references [14] , [15] . In addition, our proposed device shows better sensitivities compared to the temperaturestrain sensors reported in references [21] , [22] . Furthermore, based on the unique properties of the resonance dips in SI-TPCF, the proposed configuration has the potential of being applied for micro-fluidic sensing as different features may appear in tapered and un-tapered sections of PCF.
Conclusion
In conclusion, a novel coupling phenomenon based on fiber tapering has been proposed and experimentally demonstrated by selectively infiltrating the processed PCF, which consists of tapered and un-tapered sections. Tapering PCF results in the decrease of the material RI and endue the SI-TPCF with fairly high strain sensitivity of −167.74 pm/μϵ. Our studies provide a deeper insight into the understanding of the process of tapering PCF, which could be applicable to fabricate highsensitivity optical components or effectively control the phase-matching point of the MSCs. The proposed configuration, including different sensing sections with relatively new properties can be used in practical fiber-optic sensing applications with great promise, such as micro-fluidic, RI, and dual parameter sensing.
